arXiv:1508.07612v2 [hep-ex] 15 Dec 2015 


EPJ manuscript No. 

(will be inserted by the editor) 


Transverse-target-spin asymmetry in exclusive cj-meson 
electroproduction 


The HERMES Collaboration 

A. Airapetian^^ds^ Akopov^®, Z. Akopov^, E.C. Aschenauer®, W. Augustyniak^®, A. Avetissian^®, S. Belostotski^^, 

H. P. Blok^°d7^ ^ Borissov^, V. Bryzgalov^^, G.P. Capitani^®, G. Giullo®^d2^ ]y[ Contalbrigo®^, P.F. Dalpiaz^®d 2 ^ 
W. Deconinck^, R. De Leo^, E. De Sanctis^®, M. Diefenthaler®°d7^ p_ Nezza^®, M. Diiren®®, G. Elbakian^®, 

F. Ellinghaus®, L. Felawka^®, S. Frullani^®^^^ D. Gabbert®, G. Gapienko^^, V. Gapienko^^, V. Gharibyan^®, 

F. Giordano®^d2.i7^ Gliske^®, D. Hasch®®, M. Hoek®®, Y. Holler^, A. Ivanilov^^, H.E. Jackson^, S. Joosten^^, 

R. Kaiser^®, G. Karyan^®, T. Keri®®, E. Kinney®, A. Kisselev^^, V. Korotkov^^, V. Kozlov®®, V.G. Krivokhijine®, 

L. Lagamba®, L. Lapikas®®, L Lehmann®®, P. Lenisa®®’®^^ W. Lorenzon®®, B.-Q. Ma®, S.I. Manaenkov®®, Y. Mao®, 

B. Marianski®®, H. Marukyan®®, Y. Miyachi®®, A. Movsisyan®®’®®, V. Muccifora®®, Y. Naryshkin®®, A. Nass®®, 

M. Negodaev®, W.-D. Nowak®, L.L. Pappalardo®®’®^^ R. Perez-Benito®®, A. Petrosyan®®, P.E. Reimer®, A.R. Reolon®®, 

G. Riedl®’®®", K. Rith®®, G. Rosner®®, A. Rostomyan®", J. Rubin®'’’®®, D. Ryckbosch®^, Y. Salomatin®®, G. Schnell^’®’®^, 
B. Seitz®®, T.-A. Shibata®®, M. Statera®®’®®, E. Steffens®®, J.J.M. Steijger®®, F. Stinzing®®’*^, S. Taroian®®, 

A. Terkulov®®, R. Truty®®’, A. Trzcinski®®, M. Tytgat®^, Y. Van Haarlem®^, C. Van Hulse'®’®'®, V. Vikhrov®®, 

I. Vilardi®, G. Vogel®®, S. Wang®, S. Yaschenko®’’®®, S. Yen®®, B. Zihlmann®’, P. Zupranski®® 

®Physics Division, Argonne National Laboratory, Argonne, Illinois 60439-4843, USA 
®Istituto Nazionale di Fisica Nucleare, Sezione di Bari, 70124 Bari, Italy 
^School of Physics, Peking University, Beijing 100871, China 

^Department of Theoretical Physics, University of the Basque Country UPV/EHU, 48080 Bilbao, Spain 

®IKERBASQUE, Basque Foundation for Science, 48013 Bilbao, Spain 

®Nuclear Physics Laboratory, University of Colorado, Boulder, Colorado 80309-0390, USA 

®'DESY, 22603 Hamburg, Germany 

®DESY, 15738 Zeuthen, Germany 

®Joint Institute for Nuclear Research, 141980 Dubna, Russia 

®®Physikalisches Institut, Universitat Erlangen-Niirnberg, 91058 Erlangen, Germany 

®®Istituto Nazionale di Fisica Nucleare, Sezione di Ferrara, 44122 Ferrara, Italy 

®®Dipartimento di Fisica e Scienze della Terra, Universita di Ferrara, 44122 Ferrara, Italy 

®®Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Frascati, 00044 Frascati, Italy 

®®Department of Physics and Astronomy, Ghent University, 9000 Gent, Belgium 

®®IL Physikalisches Institut, Justus-Liebig Universitat Giefien, 35392 Giefien, Germany 

®®SUPA, School of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kingdom 

®®Department of Physics, University of Illinois, Urbana, Illinois 61801-3080, USA 

®®Randall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan 48109-1040, USA 

®®Lebedev Physical Institute, 117924 Moscow, Russia 

®®National Institute for Subatomic Physics (Nikhef), 1009 DB Amsterdam, The Netherlands 

®®B.P. Konstantinov Petersburg Nuclear Physics Institute, Gatchina, 188300 Leningrad Region, Russia 

®®Institute for High Energy Physics, Protvino, 142281 Moscow Region, Russia 

®®Istituto Nazionale di Fisica Nucleare, Sezione di Roma, Gruppo Gollegato Sanita, 00161 Roma, Italy 
®®Istituto Superiore di Sanita, 00161 Roma, Italy 
®®TRIUMF, Vancouver, British Golumbia V6T 2A3, Ganada 
®®Department of Physics, Tokyo Institute of Technology, Tokyo 152, Japan 

®®Department of Physics and Astronomy, VU University, 1081 HV Amsterdam, The Netherlands 
®®National Gentre for Nuclear Research, 00-689 Warsaw, Poland 
®®Yerevan Physics Institute, 375036 Yerevan, Armenia 


DESY Report 15-149 / Compiled: December 16, 2015/ Version: 5.0 (final) 


deceased 




2 


Abstract. Hard exclusive electroproduction of uj mesons is studied with the HERMES spectrometer at 
the DESY laboratory by scattering 27.6 GeV positron and electron beams off a transversely polarized 
hydrogen target. The amplitudes of five azimuthal modulations of the single-spin asymmetry of the cross 
section with respect to the transverse proton polarization are measured. They are determined in the entire 
kinematic region as well as for two bins in photon virtuality and momentum transfer to the nucleon. Also, 
a separation of asymmetry amplitudes into longitudinal and transverse components is done. These results 
are compared to a phenomenological model that includes the pion pole contribution. Within this model, 
the data favor a positive nui transition form factor. 
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Introduction 

In the framework of quantum chromodynamics (QCD), 
hard exclusive meson leptoproduction on a longitudinally 
or transversely polarized proton target provides impor¬ 
tant information about the spin structure of the nucleon. 
The process amplitude is a convolution of the lepton- 
quark hard-scattering subprocess amplitude with soft ha¬ 
dronic matrix elements describing the structure of the 
nucleon and that of the meson. Here, factorization is 
proven rigorously only if the lepton-quark interaction is 
mediated by a longitudinally polarized virtual photon [1, 
2]. The soft hadronic matrix elements describing the nu¬ 
cleon contain generalized parton distributions (GPDs) to 
parametrize its partonic structure. Hard exclusive pro¬ 
duction of vector mesons is described by GPDs and 

, where / denotes a quark flavor or a gluon. These 
“unpolarized”, i.e., parton-helicity-nonflip distributions 
describe the photon-parton interaction with conservation 
and flip of nucleon helicity, respectively. Both are of spe¬ 
cial interest, as they are related to the total angular mo¬ 
mentum of partons, [3]. The GPDs are well con¬ 
strained by existing experimental data. The GPDs i?“ 
and E‘^ for up and down quarks, respectively, are partially 
constrained by nucleon form-factor data [4], while exper¬ 
imental information on sea-quark GPD E^"^^ and gluon 
GPD E^ is scarce. For a recent review on the status of 
GPD determinations, see Ref. [5]. In contrast to lepto¬ 
production of vector mesons with an unpolarized target, 
which is mainly sensitive to GPDs vector-meson lep¬ 

toproduction off a transversely polarized nucleon is sensi¬ 
tive to the interference between two amplitudes contain¬ 
ing E[f and E-^, respectively, and thus opens access to 
Ef. 

For a transversely polarized virtual photon mediat¬ 
ing the lepton-quark interaction, there exists no rigorous 
proof of collinear factorization. In the QGD-inspired phe¬ 
nomenological “GK” model [6,7,8] however, factorization 
is also assumed for the transverse amplitudes. In this so- 
called modified perturbative approach [9] , infrared singu¬ 
larities occurring in these amplitudes are regularized by 
quark transverse momenta in the subprocess, while the 
partons are still emitted and reabsorbed collinearly by 
the nucleon. By using the quark transverse momenta in 
the subprocess, the transverse size of the meson is ef¬ 
fectively taken into account. Using this approach, the 
GK model describes cross sections, spin density matrix 
elements (SDMEs), and spin asymmetries in exclusive 
vector-meson production for values of Bjorken-x below 
0.2 [6,7,8]. The GPDs parametrized in the GK model 


were used in calculations of deeply virtual Gompton scat¬ 
tering (DVCS) amplitudes, which led to good agreement 
with most DVGS measurements over a wide kinematic 
range [10]. In the most recent version of the model, the 
7*7ra; vertex function in the one-pion-exchange contribu¬ 
tion is identified with the ttuj transition form factor [11]. 
Its magnitude is determined in a model-dependent way, 
while its unknown sign may be determined from compar¬ 
isons with experimental data on spin asymmetries in hard 
exclusive leptoproduction. 

Measurements of hard-exclusive production of vari¬ 
ous types of mesons are complementary to DVGS, as 
they allow access to various flavor combinations of GPDs. 
Previous HERMES publications on measurements of az¬ 
imuthal transverse-target-spin asymmetries include re¬ 
sults on exclusive production of [12] and 7r+ mesons [13] 
as well as on DVGS [14]. 

In the present paper, the azimuthal modulations of 
the transverse-target-spin asymmetry in the cross sec¬ 
tion of exclusive electroproduction of w mesons are stud¬ 
ied. The available data allow for an estimation of the 
kinematic dependence of the measured asymmetry am¬ 
plitudes on photon virtuality and four-momentum trans¬ 
fer to the nucleon. The measured asymmetry amplitudes 
are compared to the most recent calculations of the GK 
model using either possible sign of the ttw transition form 
factor. 


Data collection and process identification 

The data were accumulated with the HERMES forward 
spectrometer [15] during the running period 2002-2005. 
The 27.6 GeV positron (electron) beam was scattered off 
a transversely polarized hydrogen target, with the aver¬ 
age magnitude Pt of the proton-polarization component 
Pt perpendicular to the beam direction being equal to 
0.72. The lepton beam was longitudinally polarized, and 
in the analysis the data set is beam-helicity balanced. The 
uj meson is produced in the reaction 

e + p—i'e + p + uj, (1) 

with a branching ratio Br = 89.1% for the w decay 

U! tt"*" + 'n~ + 7r°, 7r° —>■ 2'y. (2) 

The same requirements to select exclusively produced 
(jj mesons as in Ref. [16] are applied. The candidate events 
for exclusive w-meson production are required to have 
exactly three charged tracks, i.e., the scattered lepton 
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Fig. 1. Two-photon invariant-mass distribution after appli¬ 
cation of all criteria to select exclusively produced ui mesons. 
The Breit-Wigner fit to the mass distribution is shown as a 
continuous line and the vertical dashed line indicates the PDG 
value of the tt® mass [17]. 


and two oppositely charged pions, and at least two clus¬ 
ters in the calorimeter not associated with a charged 
track. The tt^ meson is reconstructed from two photon 
clusters with an invariant mass M( 77 ) in the interval 
0.11 GeV < M( 77 ) < 0.16 GeV. Its distribution is shown 
in Fig. 1, where the fit with a Breit-Wigner function 
yields 136.1±0.8 MeV (19±2 MeV) for the mass (width). 
The charged hadrons and leptons are identified through 
the combined responses of four particle-identification de¬ 
tectors [15]. The three-pion invariant mass is calculated as 
M(Tr'^7r~TT^) = yj {pTr+ + Ptt- +Pt^o)'^, where are the 
four-momenta of the charged and neutral pions. Events 
containing w mesons are selected through the requirement 
0.71 GeV < M(7r+7r-7rO) < 0.87 GeV. 

Further event-selection requirements are the follow¬ 
ing: 

(i) 1.0 GeV^ < < 10.0 GeV^, where represents the 

negative square of the virtual-photon four-momentum. 
The lower value is applied in order to facilitate the ap¬ 
plication of perturbative QCD, while the upper value 
delimits the measured phase space; 

(ii) —t' < 0.2 GeV^ in order to improve exclusivity, where 
t' = t — tmim t is the squared four-momentum transfer 
to the nucleon and —tmin represents the smallest kine¬ 
matically allowed value of —t at fixed virtual-photon 
energy and 

(iii) W > 3 GeV in order to be outside of the resonance 
region and W < 6.3 GeV in order to clearly delimit 
the kinematic phase space, where W is the invariant 
mass of the photon-nucleon system; 

(iv) the scattered-lepton energy lies above 3.5 GeV in or¬ 
der to avoid a bias originating from the trigger. 



Fig. 2. Missing-energy distribution for exclusive oj-meson pro¬ 
duction. The unshaded histogram shows experimental data, 
while the shaded area shows the distribution obtained from 
a PYTHIA simulation of the SIDIS background. The vertical 
dashed line denotes the upper limit of the exclusive region. 

In order to isolate exclusive production, the energy 
not accounted for by the leptons and the three pions 
must be zero within the experimental resolution. We re¬ 
quire the missing energy to be in the interval —1.0 GeV 
< AE < 0.8 GeV, which is referred to as “exclusive re¬ 
gion” in the following. Here, the missing energy is cal- 

culated as AE = —with Mp being the proton 

mass and = (p + q — PTr+ ~ P-tt- ~ T-n-o)^ the missing- 
mass squared, where p and q are the four-momenta of 
target nucleon and virtual photon, respectively. The dis¬ 
tribution of the missing energy AE is shown in Fig. 2. 
It exhibits a clearly visible exclusive peak centered about 
AE = 0. The shaded area represents semi-inclusive deep- 
inelastic scattering (SIDIS) background events obtained 
from a PYTHIA [18] Monte-Garlo simulation that is nor¬ 
malized to the data in the region 2 GeV < AE < 20 GeV. 
The simulation is used to determine the fraction of back¬ 
ground under the exclusive peak. This fraction is calcu¬ 
lated as the ratio of the number of background events to 
the total number of events and amounts to about 21%. 

After application of all these constraints, the sample 
contains 279 exclusively produced uj mesons. This data 
sample is referred to in the following as data in the “en¬ 
tire kinematic region”. The invariant-mass dis¬ 

tribution for this data sample is shown in Fig. 3. A Breit- 
Wigner fit yields 785 ± 2 MeV (52 ± 5 MeV) for the mass 
(width). 

Extraction of the asymmetry amplitudes 

The cross section for hard exclusive leptoproduction of 
a vector meson on a transversely polarized proton tar- 
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Fig. 3. The 7r"''7r“7r° invariant-mass distribution after appli¬ 
cation of all criteria to select exclusively produced cj mesons. 
The Breit-Wigner fit to the mass distribution is shown as a 
continuous line and the vertical dashed line indicates the PDG 
value of the uj mass [17]. 


get, written in terms of polarized photo-absorption cross 
sections and interference terms, is given by Eq. (34) in 
Ref. [19]. In this equation, the transverse-target-spin asym¬ 
metry Aut is decomposed into a Fourier series of terms 
involving ± ^s), with m = 0, ...,3. The angles 

(j) and are the azimuthal angles of the w-production 
plane and of the component S± of the transverse nu¬ 
cleon polarization vector that is orthogonal to the virtual- 
photon direction. They are measured around the virtual- 
photon direction and with respect to the lepton-scattering 
plane (see Fig. 4). These definitions are in accordance 
with the Trento Conventions [20] . For the HERMES kine¬ 
matics and acceptance in exclusive w production, sin 9^^ < 
0.1 and cos9j* > 0.99, which can be approximated by 
sin0.y* « 0 and cos0-),» « 1. Here, 6^* is the angle be¬ 
tween the lepton-beam and virtual-photon directions. 

In this approximation, the angular-dependent part of 
Eq. (34) in Ref. [19] for an unpolarized beam reads: 

>V((^, (()s) = 1 -b cos{(j)) + cos{2(j)) 

+ + (j)s) 

+ sin(<)) - (j)s) 

+ Ar^(^^)sin(05) 

+ sin(3(/) - (j)s)], 

where S± = l-Su]. Here, Ajjij and Aut denote the ampli¬ 
tudes of the corresponding cosine and sine modulations 
as given in their superscripts. The first letter in the sub¬ 
script denotes unpolarized beam and the second letter U 



Fig. 4. Lepton-scattering and tu-production planes together 
with the azimuthal angles (p and (j>s- 


(T) denotes unpolarized (transversely polarized) target. 
The above approximation in conjunction with the addi¬ 
tional factor e/2 « 0.4, where e is the ratio of fluxes of 
longitudinal and transverse virtual photons, allows one to 
neglect the contribution of the sin(2(/-|- (j)s) modulation, 
appearing in Eq. (34) of Ref. [19]. This approximation 
also makes the angular dependence of disappear (see 
Eq. (8) of Ref. [19]), and S± ~ Pt=0.72 is used in the 
following. Note that the modulation sin((/) — (j>s) is the 
only one that appears at leading twist. 

For exclusive production of ui mesons decaying into 
three pions, the angular distribution of the latter can 
be decomposed into parts corresponding to longitudinally 
(L) and transversely (T) polarized uj mesons: 


(j)s, ^ ^00 cos'^id) WL{(t>, (jJs) 

+ ^ (1 - ^oo) sin2(6») WT[(jj, (jJs)- 


( 4 ) 


Here, 9 is the polar angle of the unit vector normal to the 
UJ decay plane in the w-meson rest frame, with the z-axis 
aligned opposite to the outgoing nucleon momentum [16]. 
The pre-factors Tqq and (1 — rgQ) represent the fractional 
contribution to the full cross section by longitudinally 
and transversely polarized w mesons, respectively [16]. 
The first (second) term on the right-hand side of Eq. (4) 
represents the angular distribution of the longitudinally 
(transversely) polarized w mesons, with 


WL{(t>: (f^s) = 1 + Auu,l{ 4>) + S±AuT,Li(t>: </s), 
</s) = 1 + Auu,t{(I}) + S±Aut,t{4'j '/s)- 


The functions Auu,k{4’) Aut,k{ 4>^ 4’s)j with K=L 

and K=T denoting longitudinal-separated and transverse- 
separated contributions, respectively, are decomposed into 
a Fourier series in complete analogy to Eq. (3). 

The function yV{(j),(j)s) is fitted to the experimental 
angular distribution using an unbinned maximum likeli¬ 
hood method. Here and in the following, the angle 9 has 
to be added to the argument list of the function W, when 
applicable. The function to be minimized is the negative 
of the logarithm of the likelihood function: 


-lnL(7^) 


h '' ■^(7^) 


( 6 ) 
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Fig. 5. The five amplitudes describing the strength of the sine modulations of the cross section for hard exclusive cj-meson 
production. The full circles show the data in two bins of or —t'. The open sqnares represent the results obtained for the 
entire kinematic region. The inner error bars represent the statistical uncertainties, while the outer ones indicate the statistical 
and systematic uncertainties added in quadrature. The results receive an additional 8.2% scale uncertainty corresponding to 
the target-polarization uncertainty. The solid (dash-dotted) lines show the calculation of the GK model [11,21] for a positive 
(negative) ttcj transition form factor, and the dashed lines are the model results without the pion pole. 


Here, TZ denotes the set of 7 asymmetry amplitudes of 
the unseparated fit or 14 asymmetry amplitudes of the 
longitudinal-to-transverse separated fit and the sum runs 
over the N experimental-data events. The normalization 
factor 

^ Nmc 

M{n)=Y,w{n-<j^,cl,^s) (7) 

1=1 

is determined using Nmc events from a PYTHIA Monte- 
Carlo simulation, which are generated according to an 
isotropic angular distribution and processed in the same 
way as experimental data. The number of Monte-Carlo 
events in the exclusive region amounts to about 40,000. 

Each asymmetry amplitude is corrected for the back¬ 
ground asymmetry according to 

A ^meas fbq-^^bq /o\ 

Acorr = -^- 7-^ -( 8 ) 

1 Jbg 

where A^orr is the corrected asymmetry amplitude, A^eas 
is the measured asymmetry amplitude, fbg is the frac¬ 
tion of the SIDIS background and Abg is its asymmetry 
amplitude. While A^eas is evaluated in the exclusive re¬ 
gion, Afjg is obtained by extracting the asymmetry from 
the experimental SIDIS background in the region 2 GeV 
< AE <20 GeV. 

The systematic uncertainty is obtained by adding in 
quadrature two components. The first one, AAcorr = 
Acorr — Ameas, is due to the correction by background 
amplitudes. In the most conservative approach adopted 
here, it is estimated as the difference between the asym¬ 
metry amplitudes Acorr and Ameas- This approach also 


covers the small uncertainty on fbg. The second compo¬ 
nent accounts for effects from detector acceptance, effi¬ 
ciency, smearing, and misalignment. It is determined as 
described in Ref. [16]. An additional scale uncertainty 
arises because of the systematic uncertainty on the tar¬ 
get polarization, which amounts to 8.2%. 

Results 

The results for the five Ajjt and two Afju amplitudes, 
as determined in the entire kinematic region, are shown 
in Table 1. These results are presented in Table 3 in two 
intervals of and —t', with the definition of intervals 
together with the average values of the respective kine¬ 
matic variables given in Table 2. The results for the five 

Table 1. The amplitudes of the five sine and two cosine mod¬ 
ulations as determined in the entire kinematic region. The first 
uncertainty is statistical, the second systematic. The results 
receive an additional 8.2% scale uncertainty corresponding to 
the target-polarization uncertainty. 


amplitude 


^sin(0+05) 

-0.06 ± 0.20 ± 0.02 

Asin{cl)-cf>s) 

-0.12 ± 0.19 ± 0.03 

^sin(05) 

a-^ut 

0.26 ± 0.27 ± 0.05 

Asin(2(l)-(ps) 

A±uT 

0.03 ± 0.16 ± 0.01 

.sin(3<A-0s) 

^UT 

0.13 ± 0.15 ± 0.03 

.cos{<A) 

^UU 

-0.01 ± 0.11 ± 0.10 

.cos{2</>) 

^UU 

-0.17 ± 0.11 ± 0.05 
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Table 2. The definition of intervals and the mean values of the kinematic variables. 


bin 

(Q") [GeV"] 

(-T) [GeV^j 

(IT) [GeV] 

{xb) 

entire kinematic bin 

2.24 

0.079 

4.80 

0.092 

1.00 GeV2< < 1.85 GeV^ 

1.39 

0.084 

4.69 

0.064 

1.85 GeV^< < 10.00 GeV^ 

3.07 

0.075 

4.91 

0.012 

0.00 GeV^< -t' < 0.07 GeV^ 

2.36 

0.035 

4.79 

0.095 

0.07 GeV^< -t' < 0.20 GeV^ 

2.11 

0.128 

4.81 

0.088 


Table 3. Results on the kinematic dependences of the five asymmetry amplitudes Ajjt and two amplitudes Ajju- The 
first two columns correspond to the —t' intervals 0.00 — 0.07 — 0.20 GeV^ and the last two columns to the intervals 
1.00 — 1.85 — 10.00 GeV^. The first uncertainty is statistical, the second systematic. The results receive an additional 8.2% scale 
uncertainty corresponding to the target-polarization uncertainty. 


amplitude 

i-t') 

= 

0.035 GeV^ 

i-t') 


0.128 GeV^ 

(Q"> = 

= 1.39 GeV^ 

{Q^) = 

3.07 GeV^ 

ASin{4> + (ps) 

^UT 

0.06 

± 

0.28 

± 

0.04 

-0.30 

± 

0.32 

± 

0.10 

-0.21 

± 

0.31 

± 

0.05 

0.10 

± 

0.28 

± 

0.03 

Asin(^-cf)s) 

^UT 

-0.02 

± 

0.28 

± 

0.03 

-0.22 

± 

0.27 

± 

0.06 

-0.02 

± 

0.30 

± 

0.03 

-0.18 

± 

0.26 

± 

0.03 

Asin(<l)s) 

^UT 

0.13 

± 

0.37 

± 

0.03 

0.25 

± 

0.42 

± 

0.05 

0.12 

± 

0.42 

± 

0.02 

0.45 

± 

0.37 

± 

0.12 

.sin(2(/)-05) 

^UT 

0.24 

± 

0.22 

± 

0.03 

-0.28 

± 

0.26 

± 

0.07 

0.07 

± 

0.24 

± 

0.02 

-0.01 

± 

0.23 

± 

0.01 

^sin(3(/)-05) 

^UT 

0.14 

± 

0.21 

± 

0.01 

0.07 

± 

0.22 

± 

0.03 

0.12 

± 

0.20 

± 

0.04 

0.16 

± 

0.21 

± 

0.02 

,COS{0) 

^UU 

0.05 

± 

0.15 

± 

0.06 

-0.09 

± 

0.17 

± 

0.16 

-0.04 

± 

0.15 

± 

0.10 

-0.04 

± 

0.16 

± 

0.11 

acos( 24 >) 

^UU 

-0.19 

± 

0.15 

± 

0.07 

-0.14 

± 

0.17 

± 

0.07 

-0.04 

± 

0.15 

± 

0.03 

-0.35 

± 

0.17 

± 

0.11 


Aut amplitudes are also shown in Fig. 5, in two rows of 
five panels each, where the upper and lower rows show the 
and —t' dependences, respectively. Each panel shows 
as two filled circles the results in two kinematic bins, and 
as one open square the result in the entire kinematic re¬ 
gion. The results are compared to calculations of the GK 
model [11,21], for both signs of the ttoj form factor. For 
completeness, also the model prediction without the pion- 
pole contribution is included. 

The model predictions differ substantially upon sign 
change of the ttoj form factor for the two amplitudes 
^^^(0 0 s) ^^^( 0 s)^ particular when considering 

the —t' dependence. The data seem to favor a positive 
TTw transition form factor. 

Asymmetry amplitudes can be written in terms of 
SDMEs, as shown in the appendix. By using Eqs. (9, 
10) and the earlier HERMES results on w SDMEs [16], 

^™^( 20 ) ^ Qg ^ ^ 

are obtained, which are consistent within uncertainties 
with the results shown in Table 1. 

The cross section for exclusive production of trans¬ 
versely polarized w mesons dominates that for longitudi¬ 
nally polarized ones [16]. This is the reason why the 14- 
parameter fit used here leads to still acceptable uncertain¬ 
ties for the results in the entire kinematic region on the 
transverse-separated asymmetry amplitudes, while those 
for the longitudinal-separated ones are so large that any 
interpretation is precluded. Also, kinematic dependences 
can no longer be studied due to the large uncertainties. 
Therefore, for the transverse-separated asymmetry am¬ 
plitudes only the results in the entire kinematic region 


are shown in Fig. 6 and Table 4 together with the corre¬ 
sponding predictions of the GK model [11,21]. Here, the 
large uncertainties prevent any conclusion on the sign of 
the TTui transition form factor. 

Table 4. Results on the five asymmetry amplitudes Ajjt and 
two amplitudes Auu in the entire kinematic region, but sepa¬ 
rated into longitudinal and transverse parts. The first column 
[K = L) gives the results for the longitudinal components, 
while the second column, {K = T), shows the results for 
the transverse components. The first uncertainty is statistical, 
the second systematic. The results receive an additional 8.2% 
scale uncertainty corresponding to the target-polarization un¬ 
certainty. 


amplitude 

longitudinal [K = L) 

transverse {K — T) 

ASin{<p + (j)s) 

^UT,K 

Asin(^-cf)s) 

^UT,K 

Asin{^s) 

^UT,K 

4sin(2(/)-0s) 

^UT.K 

^UT,K 

aCOs{(1>) 

^UU,K 

jcos(2(^) 

^UU.K 

-0.16 ± 0.92 ± 0.02 

-0.60 ± 0.81 ± 0.16 

-0.08 ± 1.06 ± 0.03 

-0.38 ± 0.71 ± 0.11 

0.21 ± 0.56 ± 0.10 

0.53 ± 0.40 ± 0.08 

0.60 ± 0.39 ± 0.17 

-0.14 ± 0.29 ± 0.05 

0.07 ± 0.27 ± 0.04 

0.21 ± 0.38 ± 0.01 

0.10 ± 0.21 ± 0.02 

0.07 ± 0.20 ± 0.01 

-0.16 ± 0.15 ± 0.12 

-0.37 ± 0.15 ± 0.10 


Summary 

In this Paper, results are reported on exclusive w elec¬ 
troproduction off transversely polarized protons in the 
kinematic region 1 GeV^ < < 10 GeV^ and 0.0 

GeV^ < —t' < 0.2 GeV^. The amplitudes of seven az¬ 
imuthal modulations of the cross section for unpolarized 
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Fig. 6. As Fig. 5, but only for transversely polarized uj mesons. 


beam are determined, i.e., of two cosine modulations for 
unpolarized target and five sine modulations for trans¬ 
versely polarized target. Results are presented for the en¬ 
tire kinematic region as well as alternatively in two bins 
of —t' or . Additionally, a separation into asymme¬ 
try amplitudes for the production of longitudinally and 
transversely polarized uj mesons is done. A comparison of 
extracted asymmetry amplitudes to recent calculations of 
the phenomenological model of Goloskokov and Kroll fa¬ 
vors a positive sign of the ttw form factor. 


Appendix: Relations between azimuthal asymmetry am¬ 
plitudes and spin-density matrix elements 


The full information on vector-meson leptoproduction is 

,3 

contained in the differential cross section ^q 2 and 
the SDMEs in the Diehl representation [22]. Therefore, 
the azimuthal asymmetry amplitudes can be expressed 
in terms of the SDMEs. For scattering off an unpolar¬ 
ized target, the asymmetry amplitudes can be written in 
terms of the Diehl SDMEs alternatively in terms 

of the Schilling-Wolf SDMEs r”- [23] as 
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— -Sy/e(l -b e) Re[uo+] 

= \/2e(l + e) [2rii -I- Tqq], (9) 

= -eRe[u_+] 

=-e[2ri\-br,^o]- (10) 

Here, the abbreviated notation 

UA1A2 = (11) 

is used, where Ai, A 2 denote the virtual-photon helici- 
ties and /ii, p ,2 the vector-meson helicities. The symbol 
± describes the virtual-photon or vector-meson helicities 
±1, while the symbol 0 describes longitudinal polariza¬ 
tion. Equations (9, 10) show that the asymmetry ampli¬ 
tudes can be calculated from the Schilling-Wolf SDMEs 
obtained in Ref. [16]. 

For scattering off a transversely polarized target, the 
asymmetry amplitudes can be expressed in terms of the 



































Diehl SDMEs nf f and sf f as 

A 1 A 2 A 1 A 2 


.sin((^+05) 

a±ut — 

(e/2)Im[n_+ -s_+]. 

(12) 

.sin(0-05) 
J^UT — 

Im[n++ -b enoo], 

(13) 

^UT — 

Ve(l -b e) Im[no+ - So+], 

(14) 

.sin(20-05) 
J±UT — 

-Ve(l -be) Im[no+ -bSo+], 

(15) 

.sin(30-05) 
J±UT — 

-(e/2) Im[n_+ -bs_+]. 

(16) 

The abbreviated notations 


^Ai A 2 

“ +”AiA2 +’^AiA2’ 

(17) 

^AiA2 

- 0 + + _|_ 0 -_|_ 

A 1 A 2 A 1 A 2 A 1 A 2 

(18) 


are analogous to those in Eq. (11). In this case, Schilling- 
Wolf SDMEs [23] are not defined. 

In order to get from Eqs. (9, 10) and (12-16) expres¬ 
sions for the asymmetry amplitudes for the production 
of longitudinally polarized vector mesons, the terms with 
Ml = = 0 have to be retained in Eqs. (9-18), and the 

result has to be divided by the Schilling-Wolf SDME Tqq. 
For instance, becomes 


A 


sin( 2 (p—<ps) 

UT,L 


\J e(l + e) T r 00 


^04 

'00 


Im[nl 


0+ 


\/W 




Im[n] 


^00 


s™l 


(19) 


00 

0+ 




Correspondingly, for the production of transversely polar¬ 
ized vector mesons, the terms with Mi = M 2 = have 
to be retained in Eqs. (9-18), and the result has to be 
divided by (1 — Tqq). For instance, becomes 

,sin(2<?l-0s) 

^UT,T 

= - Im[n++ -h S++ -f ng - -h StC" ] 

^ '00 

= “ Ini[no+ + sj+ + no+ -b Sg^ ]. 

i tUQQ 

( 20 ) 
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